INTRODUCTION
Pyrosequencing ® has been developed to allow for accurate sequencing of short stretches of DNA, initially for the analysis of expressed sequence tags (ESTs; References 1-3). Sequencing of lengths between 50 and 150 nucleotides has been reported during HLA genotyping as well as during the analysis of PCR-amplified cloned DNA (4-7). The method is suited for use during the analysis of single nucleotide polymorphisms (SNPs) and the detection of genomic insertion and deletion polymorphisms because of its ability to provide highquality sequencing for short stretches of DNA and to accurately resolve heterozygous nucleotides by enabling out-of-phase sequencing (8) . Pyrosequencing is performed by the addition of dNTPs individually, in a predefined dispensation order, so that the nascent nucleotide chain is extended one nucleotide residue per dispensation event.
The detection of nucleotide sequence is performed by way of a chain of enzymatic reactions involving the activities of DNA polymerase, apyrase, ATP sulfurylase, as well as luciferase (1, 5) . The incorporation of a particular nucleotide is displayed graphically in the form of a pyrogram of nucleotide dispensation event versus the intensity of emitted light. The Pyrosequencing reaction is quantitative in that increased light intensity is produced upon incorporation of multiple nucleotides.
The design of oligonucleotide primer sets for use during PCR and Pyrosequencing, a necessary step in the process of Pyrosequence-based mapping of genetic disease loci, while not individually cumbersome, is timeconsuming to develop and test when large numbers of SNP-containing sites are to be examined. Publicly and commercially available software applications have been developed for PCR primer design, but these have not taken into account the added constraints that are essential when optimizing Pyrosequencing reagents (9, 10) . Moreover, applications currently available for developing Pyrosequencing primers do not also allow for the design of primers for PCR. Thus, none of the existing software applications available via the Internet are capable of designing the complete set of primers required for Pyrosequence-based typing (PSBT) during SNP-scanning projects while also allowing for the simultaneous development of assays for multiple SNPs. The development of Pyrosequencing assays can be accomplished by exploitation of the sequence databases derived from the human and model organism genome projects and can be combined with primer design algorithms when large batches of SNPs are to be analyzed. Assay development relies on the availability of genome databases containing the identity and location of relevant SNPs for input into primer design software applications. Currently, this can be achieved only by 
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transporting the data between several software applications, each of which is specialized for use at a different stage of the process. Combining these steps into a single software application can improve the efficiency of the experimental design, increasing the level of data integrity by avoiding the use of different software applications to accomplish each of these goals independently (11) . This paper presents software that can efficiently design PCR and Pyrosequencing primers for large numbers of SNPs. The method automates existing processes and takes into consideration restrictions that should be applied during Pyrosequencing (1, 2, (5) (6) (7) 12) . Moreover, the application aids in the sorting of SNPs for biologically interesting properties (e.g., the association of an SNP with a particular genetic structural element, whether it codes for an amino acid change in the resulting protein, and its heterozygosity within a population), which, in turn, can add to the usefulness of particular primer sets during physical mapping studies.
MATERIALS AND METHODS

Selection of Oligonucleotide Primers for PCR and Pyrosequencing (SOP 3 )
The SOP 3 
Polymerase Chain Reaction
Oligonucleotides and 5′-end biotinylated oligonucleotides, examples of which are listed in Supplementary  Table S1 available at the BioTechniques' web site at http://www. BioTechniques.com/January2005/ AlexanderSupplementary.html, were purchased from Integrated DNA Technologies (Coralville, IA, USA). PCR amplification (13) was performed in 50 µL volumes containing Taq buffer, 2 mM MgCl 2 , 0.2 µM each dNTP (buffers and nucleotides were purchased from Applied Biosystems, Foster City, CA, USA), 0.2 µM forward and biotinylated reverse primers, 1 U Taq polymerase, and 5 µL purified genomic DNA (roughly 10 ng DNA). Amplification included 96° incubation for 3 min, followed by 50 cycles at 96°, 55°, and 72°C, incubated for 30 s at each step. PCR cycling was followed by a final 5-min incubation at 72°C. The samples were then stored at -20° or 4°C prior to Pyrosequencing. Amplification was performed using the primer sets designed by the customized software application SOP 3 , a subset of which are listed in supplementary Table S1 .
Pyrosequencing
The Pyrosequencing apparatus (Pyrosequencer PSQ™ 96 MA) was purchased from Pyrosequencing AB (Uppsala, Sweden). Pyrosequencing reactions were performed using reagents provided with the PSQ 96 Sample Preparation kit and the PSQ 96 SQA Reagent kit (Pyrosequencing AB). Briefly, samples of 20-40 µL amplified DNA from the PCR mixture were mixed with 4 µL streptavidincoated beads (Amersham Biosciences, Piscataway, NJ, USA) and prepared for Pyrosequencing as recommended by the manufacturer. The appropriate Pyrosequencing primer was added to each well in a volume of 5 µL using a 3-µM stock solution. The samples were heated to 80°C for 2 min, and then allowed to cool for 5 min at room temperature and sequenced by Pyrosequencing. A detailed description of the Pyrosequencing reaction conditions has been reported by Gharizadeh et al. (5) . Pyrosequencing data were quantified and background corrected using PSQ 96 MA version 2.0.2 software (Pyrosequencing AB).
RESULTS
Algorithm for the Selection of PCR Primers
Designed to accept input via a web-based user interface, the software application SOP 3 can be accessed over the Internet at URL http://biodev.hgen. pitt.edu/sop3/. The application consists of a database of the human genome sequence downloaded from the UCSC Genome Browser, Build 34, integrated with a human SNP database obtained from dbSNP, Build 118, at NCBI. The software application is written in PHP and enables user-defined queries to be examined against the SNP and sequence databases. As illustrated in the flowchart (Figure 1 ), the application accepts input as a gene name, SNP reference sequence number, or chromosomal nucleotide location. Multiple gene names or reference sequences can be queried simultaneously with the upper limit currently set at 1000 SNPs. When a query is presented, the application extracts that information and compares it to the warehoused database. FASTA-formatted sequences of user-selectable length flanking the SNP (maximum of 2000 A nucleotide motif at the 5′ end of the forward PCR primer, separated by a space from the rest of the primer sequence, signifies the modification to the primer sequence to avoid self-priming during Pyrosequencing. In the lower area of the figure, the chromosomal DNA sequence surrounding the SNP is illustrated. The polymorphic residues are shaded blue while primers for PCR and Pyrosequencing are shaded yellow and red, respectively. SNP, single nucleotide polymorphism.
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nucleotides), along with its associated attributes (e.g., SNP location within a genetic structural element and heterozygosity value), are then returned to the application to facilitate primer design for PCR and, if successful, Pyrosequencing. This flanking sequence also indicates the locations and polymorphisms of all additional SNPs (nearby SNPs) contained in the database. The identification of sites for PCR primer annealing are based on providing primers that result in a PCR product of at least 60 bp in length while avoiding repetitive sequence elements and the formation of primer dimer pairs. The search begins for unique "n-mers" of user-specified length to make up the 3′ end of the PCR primers, and the search begins 30 bases on either side of the SNP to leave room for placement of a sequencing primer and includes querying a sequence string incorporating the other possible nucleotides at all other SNP locations. Once a unique region is located, the potential primer location is extended along the reference sequence until the specified melting temperature is achieved (14) . The primer is tested to determine if it contains a predefined representation of each nucleotide residue, which is accomplished through the userdefined residue occurrence threshold setting. As an additional level of specificity, the user can select to incorporate the AT test during primer design. This provides an additional constraint that will reject a potential oligonucleotide if it does not contain at least one A or T residue within the previously defined unique 3′-end region. The primer is then tested for the presence of a palindrome that would result in secondary structure and thus inhibit PCR amplification. Moreover, the forward PCR primer can be designed with additional unique nucleotide sequence at its 5′ end to avoid the formation of secondary structure in the biotinylated template strand, which, during Pyrosequencing, can lead to competing sequencing signal (6, 12, 15) . Once a pair of candidate primers is chosen, it can be rejected for the potential formation of primer dimers by searching for reverse complementarity. If this occurs, the program continues to choose a new forward primer, and then tests for dimerization with the reverse primer. If the new forward primer fails the dimerization test, then another reverse primer is chosen. This continues in a stepwise manner, each time moving further away from the SNP location, until a suitable primer pair is found within the specified PCR product length.
Algorithm for the Selection of Pyrosequencing Primers
Pyrosequencing primer design is initiated once a suitable pair of PCR primers has been identified ( Figure 1) and occurs under the same basic parameters. Pyrosequencing primers are required to be within a user-selectable number of residues of the site of the SNP (with the maximum being 30 nucleotides). This 30-base maximum helps to streamline high-throughput assays and reduce reagent use. The AT test and the test for residue occurrence thresholds are not performed on the Pyrosequencing primer, but primer dimers and hairpin formation tests are still applied so as to avoid the formation of secondary structure that may interfere with the annealing of Pyrosequencing primer to the biotinylated template strand. Candidate Pyrosequencing primers are chosen on both the 5′ and 3′ sides of the SNP, and the one closer to the SNP location is selected. This step is incorporated to reduce the sample processing time and cost of testing. Note that if the Pyrosequencing primer is selected 3′ from the SNP, the sequence of the PCR and Pyrosequencing primers printed above the sequence map are given as the reverse complement, as is necessary to correctly biotinylate, PCR amplify, and sequence the appropriate DNA strand during Pyrosequencing. Rules for developing Pyrosequencing primers include the initiation of primer design at a unique user-specified nucleotide sequence motif occurring as close as possible to the site of the SNP and within the PCR-amplified region. As was done for the PCR primers, the unique sequence motif defines the 3′ end of the Pyrosequencing primer, which increases primer specificity during the sequencing reaction. The program requires that Pyrosequencing primers have a calculated melting temperature (T m ) of at least 40°C (default value) and lack secondary structure consisting of more than a user-specified number of adjacent nucleotide base pairs (14) .
Web Interface
Default settings (summarized in Table 1 ) are presented for PCR and Pyrosequencing primer melting temperatures, minimum allowed secondary structure, and required length of the unique sequence motif at the 3′ end of the Pyrosequencing primer. The application accepts input for the length of additional sequence harvested from the warehoused genomic databases in order to obtain extended sequences flanking the SNP for use during the design of PCR primers. However, the current version of SOP 3 , version 1, does not accept user input of individual sequences because the scope of the application is to aid in the development of primers for projects in which large batches of primer sets must be developed. The output can be parsed by gene name, SNP reference number, heterozygosity value, chromosome, or chromosomal location or function. The application allows one to choose the SNPs for which to develop PCR and Pyrosequencing primers based on the SNP location within each genetic structural element. For example, queries can be defined to 
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return PCR and Pyrosequencing primers for SNPs associated with introns, exons, as well as 5′ and 3′ untranslated regions, among others. SNPs associated with amino acid coding changes can also be specified, based on whether the change is synonymous or nonsynonymous. The entry of queries from which primers are to be designed is accomplished by typing gene names, reference sequence numbers, or chromosomal regions into the text box. Figure 2 illustrates an example of the output page of the SOP 3 primer design application. PCR and Pyrosequencing primers were developed for SNP rs3842748, which occurs within an intronic region of insulin. As indicated in the output (Figure 2) , the gene name, SNP identifying reference sequence number, and nucleotide polymorphism are provided. The application also returns the dbSNP attributes for average heterozygosity and chromosomal location. Sequences of primers for Pyrosequencing and PCR are indicated along with the expected nucleotide length of the PCR amplification product. In the lower part of Figure 2 is the application's output of the FASTA-formatted sequence flanking the SNP. The predicted pyrograms are also provided with the application output and are shown for SNP rs3842748 (Figure 3) for homozygous (Figure 3, A and B) and heterozygous ( Figure 3C ) individuals. Pyrograms plot nucleotide dispensation event versus luminescence from the Pyrosequencing reaction on the x-and y-axes, respectively. The predicted pyrograms, as illustrated in the figure, indicate the level of resolution provided by Pyrosequencing for distinguishing various alleles as well as suggesting a potential order of nucleotide dispensation events for each PSBT assay. The SOP 3 -generated nucleotide dispensation order is determined by combining the sequence of fixed and polymorphic residues, as given in the dbSNP database.
Multiple SOP 3 -Generated Primer Sets
The application was used successfully during primer design when tested against a variety of SNPs within loci correlated with risk toward developing diabetes or diabetes-associated complications (Table 2) . Reference SNP identifiers, listed in Table 2 , were used as input to query the SOP 3 application. For each SNP that was examined, the application generated a list of candidate primers from which a trio of optimized primers was chosen (primer sequences are given in Supplementary Table S1 ). Using the 12 SNPs listed in Table 2 as an example, the web-based application completed its analysis within 10 s. PCR amplification from genomic DNA was performed using primers developed for 48 SNPs and resulted in 38 (approximately 80%) validated Pyrosequencing assays. Selected examples are illustrated in Table 2 . Figure 4 presents the results for SNP rs2056402 located within the gene encoding the α2 subunit of integrin. Pyrosequencing traces from human genomic DNA samples are illustrated for homozygous ( Figure 4 , A and B) and heterozygous ( Figure  4C ) individuals selected from our pool of healthy volunteer donors. Of the assays that failed, roughly half were due to poor amplification during PCR, while the rest yielded Pyrosequencing data in which an additional unrelated sequence was present, perhaps due to co-amplification of a pseudogene (data not shown). Table 2 summarizes information from the SOP 3 application's output regarding gene name, reference sequence, genetic element location, allele, and average heterozygosity for a subset of the primers examined. The efficiency of DNA amplification using PCR primers designed by the SOP 3 application are comparable with those reported for web-based software applications developed for designing PCR primers. These applications have reported that 90% or more of the PCR primers tested succeeded in generating PCR amplification products from genomic DNA (16, 17) . However, SOP 3 is the first software application that can automatically generate PCR and Pyrosequencing primers surrounding one or multiple SNPs in a given genomic region.
DISCUSSION
PSBT of alleles consisting of SNPs as well as regions of polymorphic DNA has been performed during gene mapping studies to associate disorders in human populations with specific genetic markers (4, 6, 7, (18) (19) (20) (21) . The methodology is able to score hundreds of alleles daily, which makes it suitable for SNP screening studies involving large numbers of samples. Pyrosequencing provides distinct advantages for genetic typing in that samples can be assayed in 96-well trays, making it compatible with laboratory automation, thus increasing the rate of sample analysis, and the sensitivity of the technology requires little PCRamplified material for each sequencing reaction (1) . PSBT strategies can be designed using a minimal number of nucleotide dispensation events so that an entire 96-well tray can be assayed at a rate of roughly 1 min per base and approximately 10 min for a 10 nucleotide sequence, which is sufficient for the analysis of most SNP and deletion/ insertion-containing alleles. The web-based software application SOP 3 was developed to enhance the use of PSBT for SNP scanning projects in which many SNP assays need to be developed. To that aim, the restrictions applied to PCR and Pyrosequencing primer design have been taken into consideration. For example, PSBT during SNP scanning projects requires PCR primers designed such that the 3′ end of the amplified template does not fold to form a hairpin capable of initiating DNA extension during Pyrosequencing (7, 12) . Increased Pyrosequencing signal is proportional to the presence of increased concentration of DNA sequencing template in the reaction, a requirement achieved by the design of robust PCR primers. Likewise, Pyrosequence signal is increased by the placement of the P y r o s e q u e n c i n g primer as close to the site of the SNP as possible while obeying the constraints associated with stringent annealing of primer at the Pyrosequencing reaction temperature (1, 5) . Additional stringency has been achieved by the addition of singlestranded binding protein (SSBP) to the Pyrosequencing reaction as reported previously (7, 22 Primers for PCR and Pyrosequencing were chosen using the SOP 3 application. Genomic DNA was obtained from healthy donor volunteers. Samples genotyped were (A) homozygous AA, (B) homozygous TT, and (C) heterozygous. The nucleotide dispensation order is indicated along the x-axis while the Pyrosequence is illustrated for each sample. Nucleotide disposition A6, following the polymorphic residues, was intended to serve as a negative control for background signal. SNP, single nucleotide polymorphism. 
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but without an associated locus name. At this point, only di-allelic SNPs are considered. Tri-allelic, or complicated insertion-deletion, are not accurately represented by the current version of the computer program. Primers sets will be designed by the software, however, the third (or fourth) nucleotide possibility of a complicated polymorphism will not be taken into account when searching for unique sequence regions at which to initiate primer selection. The creation of a version of the software for use with the mouse and other model organism genomes is underway and will be added during future updates of the web site. Moreover, the database of SNPs used in version 1 of the application has been downloaded from dbSNP at the NCBI. This database contains values for the average heterozygosity of each SNP as provided in dbSNP. Other databases, such as that at the Hapmap project, also contain lists of SNPs that can be warehoused and developed for use with the SOP 3 application. These can be added in future versions and will allow primer design to focus on validated SNPs from these publicly available sources. The principal advantage of the current version of the SOP 3 application is that it provides a single site for developing primers for PCR and Pyrosequencing, of which previous outputs have been tested and resulted in successful genotyping of human genomic DNA. Additional changes incorporated in future versions of the software application that will improve PSBT of alleles during genome scanning projects may include the development of databases for tracking primer design, which would allow users to report whether primers suggested by the SOP 3 application resulted in useful Pyrosequencing data. Data warehousing of genomic sequences and polymorphisms has increased the efficiency of the design of useful primer sets for PCR and Pyrosequencing by providing a single application for generating these oligonucleotides for laboratory testing.
